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Arbitrarily-primed DNA markers can be very useful for genetic ﬁngerprinting and for facilitating positional cloning of genes. This
class of technologies is particularly important for less studied species, for which genome sequence information is generally not
known. The technologies include Randomly Ampliﬁed Polymorphic DNA (RAPD), DNA Ampliﬁcation Fingerprinting (DAF), and
Ampliﬁed Fragment Length Polymorphism (AFLP). We have modiﬁed the DAF protocol to produce a robust PCR-based DNA
marker technology called Randomly Ampliﬁed DNA Fingerprinting (RAF). While the protocol most closely resembles DAF, it is
much more robust and sensitive because amplicons are labelled with either radioactive 33P or ﬂuorescence in a 30-cycle PCR, and
thenseparatedanddetected onlargepolyacrylamidesequencinggels.HighlyreproducibleRAFmarkerswerereadilyampliﬁedfrom
either puriﬁed DNA or alkali-treated intact leaf tissue. RAF markers typically display dominant inheritance. However, a small but
signiﬁcant portion of the RAF markers exhibit codominant inheritance and represent microsatellite loci. RAF compares favorably
with AFLP for eﬃciency and reliability on many plant genomes, including the very large and complex genomes of sugarcane and
wheat. While the two technologies detect about the same number of markers per large polyacrylamide gel, advantages of RAF over
AFLP include: (i) no requirement for enzymatic template preparation, (ii) one instead of two PCRs, and (iii) overall cost. RAF
and AFLP were shown to diﬀer in the selective basis of ampliﬁcation of markers from genomes and could therefore be used in
complementary fashion for some genetic studies.
INTRODUCTION
DNA markers can be used for genetic ﬁngerprinting, es-
timating genetic diversity, marker-assisted selection in plant
and animal breeding, and facilitating the map-based cloning
of genes [1]. Southern detection of Restriction Fragment
Length Polymorphism (RFLP) was the ﬁrst DNA marker
technology [1], but it has generally been superceded by PCR-
based protocols. These PCR-based methods include simple
sequence repeats (SSRs) [2] and arbitrarily-primed DNA
marker ampliﬁcation [3, 4, 5, 6, 7, 8, 9]. SSRs (also known
as microsatellites) have the advantages of increased levels of
polymorphism and codominant inheritance that allow de-
tection of heterozygotes. However, these markers are typi-
cally laborious to produce, involving the initial cloning and
sequencing of every locus [2]. The advantage of arbitrarily-
primed DNA marker technologies, on the other hand, is that
no prior knowledge of DNA sequence is required, and there-
fore markers can be quickly ampliﬁed and detected from any
organism.
Several protocols based on arbitrary ampliﬁcation of
DNA markers have been reported in the literature. Ran-
domly Ampliﬁed Polymorphic DNA (RAPD) [3]a n dA r -
bitrarily Primed PCR (AP-PCR) [4] use relatively low con-
centrations (eg, 0.2µmol/L) of single short oligonucleotide
primers in the PCR. The annealing temperature for these
protocolsgenerallyrangesfrom37–40◦C,andupto20mark-
ers can be simultaneously ampliﬁed and detected. While
the technologies are simple, not technically demanding and
require only agarose gel electrophoresis for detection, a ma-
jor problem has been lack of reproducibility between labo-
ratories [10, 11]. DNA Ampliﬁcation Fingerprinting (DAF)
also implements a single short oligonucleotide primer but
at a higher concentration (5µmol/L), and higher annealing
temperatures (53–57◦C) are used in the PCR [5, 6, 7]. In
addition, the DAF protocol uses the DNA polymerase Stof-
fel Fragment, and small silver nitrate-stained polyacrylamide
gels for fragment detection [6]. About 40 markers can be de-
tectedperPCR[7],andweha v efoundD AFtobemuchmore142 Julie Waldron et al 2:3 (2002)
reliable and transferable between laboratories than RAPD
(Waldron et al, unpublished data, December 1999).
Ampliﬁed Fragment Length Polymorphism (AFLP) is
a PCR-based method for arbitrarily amplifying restriction
fragments[9,12].Incontrasttootherprotocols,templatefor
AFLP is prepared by digesting puriﬁed genomic DNA with
two restriction endonucleases, followed by ligation of cor-
responding adaptors to the digested genomic DNA. Pairs of
oligonucleotide primers complementary to the adaptor se-
quences but with one to four additional 3  nucleotides, are
used in PCR [9, 12]. For AFLP on large genomes, a two-
step PCR is implemented with annealing temperatures start-
ing at 65◦C and stepping down to 55◦C. In the ﬁrst PCR,
the two AFLP primers are composed of the AFLP adaptor
sequences plus one additional 3  nucleotide. The products
of the ﬁrst PCR are then diluted and used as template in
the second PCR, wherein the oligonucleotide primers gen-
erally have three or four additional 3  nucleotides. One of
the primers is labelled with a radioactive 33P[ 9, 12]o ra
ﬂuorescent tag [13] for the detection of the markers after
ampliﬁcation and separation on large polyacrylamide se-
quencing gels. The major advantage of AFLP over the ear-
lierarbitrarily-primedPCRprotocolsdescribedabove,isthat
up to 100 markers can be detected per PCR [9, 12]. Ma-
jor disadvantages are the additional steps involved in AFLP
template preparation and the two-step PCR required for
largeandcomplexgenomes.Theadditional3  nucleotideson
AFLP primers are commonly referred to as 3  “selective” nu-
cleotides,anddependingontheirsequencearethoughttoar-
bitrarily,butselectively,amplifyDNAmarkersfromgenomes
[9].
In this paper, we describe several modiﬁcations of the
DAF protocol that greatly increase the eﬃciency of detect-
ing arbitrarily-primed DNA markers. The new protocol is
called Randomly Ampliﬁed DNA Fingerprinting (RAF) and
represents a culmination of the DNA marker technologies
based on arbitrarily-primed PCR. We compared the eﬃ-
ciency, robustness, and cost of the RAF and AFLP proto-
cols and demonstrated that the two technologies diﬀer in the
selective basis of ampliﬁcation of DNA markers from plant
genomes.
MATERIALS AND METHODS
Plantgenotypes
Plant genotypes used in the study included Lycopersicon
esculentum (tomato) cultivar Moneymaker [14], Arabidopsis
thaliana C24, several Glycine max (soybean) and Gycine soja
acessions [15, 16], Triticum aestivum (wheat) cultivar Har-
tog, sugarcane hybrids Q117 and 79A362, F1 progeny from
a cross between sugarcane hybrids 79N1396 and Q161, and
macadamia cultivars Keauhou and A16 and their F1 progeny
[17].
PreparationofgenomicDNAandalkali-treatedleaf
tissueforPCR
DNA was puriﬁed from young leaf tissue of tomato,
Arabidopsis, soybean, wheat, and sugarcane by using the
method described by Carroll et al [14]. For macadamia,
D N Aw a sp u r i ﬁ e df r o ml e a v e sa sd e s c r i b e db yP e a c e[ 17].
Alkali-treated intact leaf tissue [14, 18]f r o mt o m a t oa n d
sugarcane (rather than puriﬁed DNA) was also used as a
template to generate RAF proﬁles. A barely visible piece of
alkali-treated leaf tissue was used as a crude template in
PCR.
All marker proﬁles were produced at least in duplicate
from replicate DNA extractions or replicate alkali-treated in-
tact leaf tissue.
DAFprotocol
DNA ampliﬁcation ﬁngerprinting (DAF) was performed
on several plant species/genotypes using the protocol de-
scribed by [7].
RAFprotocol
Randomly Ampliﬁed DNA Fingerprinting (RAF) reac-
tions were prepared in 10µL volumes on ice. Each PCR con-
tained 1x DAF buﬀer (10mmol/L Tris pH8, 10mmol/L KCl,
5mmol/L MgCl2) [7], 1.5 units of DNA polymerase Stoﬀel
Fragment (Applied Biosystems), 20µmol/L dNTPs, 1µCi α-
labelled 33P-dATP, and 5µmol/L of a single oligonucleotide
primeroftennucleotides.OligonucleotidesfromtheOperon
Technologies Inc. A and K kits were generally used, how-
ever additional ones were designed (sequences listed below)
and purchased from Genset Paciﬁc Pty. Ltd. (Lismore, Aus-
tralia). Undigested genomic DNA (1 to 500ng) or alkali-
treated intact leaf tissue was used as DNA template in the
PCR. PCR was performed with a hot start (85◦C), followed
by a denaturation at 94◦C for 5min, then 30cycles of 94◦C
for 30secs and 60sec at each of 57◦C, 56◦C, 55◦C, 54◦C,
and 53◦C. The PCR was concluded with a ﬁnal extension
step at 72◦C for 5min. For wheat, which has a consider-
ably larger genome than the other species analyzed [19],
the annealing/extension temperatures were 2◦C higher (ie,
30cycles of 94◦Cf o r3 0 s e c sa n d6 0 s e ca te a c ho f5 9 ◦C,
58◦C, 57◦C, 56◦C, and 55◦C). The radio-labelled PCR prod-
ucts were separated on 4 or 5% polyacrylamide sequencing
gels, and the dried gels were then exposed to photographic
ﬁlm for 6hours or overnight. For some experiments, an
FAM (6-carboxy-ﬂuorescein)-tagged oligonucleotide (pur-
chased from Genset Paciﬁc Pty. Ltd., Lismore, Australia) or a
ﬂuorescent deoxynucleoside triphosphate (ﬂourescent dCTP
R110, Perkin Elmer cat. no. 402175) was used in the PCR in-
stead of radio-labeling. In these cases, the ﬂuorescent RAF
proﬁles were detected on an Applied Biosystem 373A DNA
sequencer.
T h en a t u r eo fs e l e c t i v i t yo fR A Ff r a g m e n ta m p l i ﬁ c a t i o n
was investigated by assessing the extent of sequence homol-
ogy between RAF products ampliﬁed with primers that var-
ied in one of the last three 3  nucleotides. For these exper-
iments, the following two series of oligonucleotide primers
(K-01 and K-02) were synthesized:2:3 (2002) RAF: Randomly Ampliﬁed DNA Fingerprinting 143
K-01 5 -CATTCGAGCC-3  K-02 5 -GTCTCCGCAA-3 
K-01a 5 -CATTCGAGCA-3  K-02a 5 -GTCTCCGCAC-3 
K-01b 5 -CATTCGAGCG-3  K-02b 5 -GTCTCCGCAG-3 
K-01c 5 -CATTCGAGAC-3  K-02c 5 -GTCTCCGCCT-3 
K-01d 5 -CATTCGAGTC-3  K-02d 5 -GTCTCCGCCA-3 
K-01e 5 -CATTCGACCC-3  K-02e 5 -GTCTCCGCGA-3 
K-01f 5 -CATTCGAACC-3  K-02f 5 -GTCTCCGAAA-3 
K-01g 5 -CATTCGATCC-3  K-02g 5 -GTCTCCGTAA-3 
K-02h 5 -GTCTCCGGAA-3 
The oligonucleotides within a series varied in just one of
the last three nucelotides (variant nucleotides from the orig-
inal primer sequence are underlined above). These primers
were used to generate the standard radio-labelled RAF pro-
ﬁle, but unlabelled RAF products were also ampliﬁed in par-
allel. The unlabelled RAF products were separated on a 2%
agarosegel,blottedontoanylonmembraneandthenprobed
with radio-labelled RAFproductsampliﬁed with the original
primer of the series (K-01 or K-02). To determine if the RAF
products represented highly repetitive DNA, 1µgo fMseI-
digested genomic DNA was usually included on the agarose
gel. ØX174 digested with Hinf1 (500ng) (Promega, Annan-
dale, NSW, Australia, cat. no. E3511) was included on the
gel as a size marker. Hybridization of the probe to the mem-
brane was performed as described by [20]. To detect the size
marker, dephosphorylated ØX174 digested with Hinf1, was
kinased with 33P[ 20] and included with the RAF probe in
the hybridization. Following washes at high stringency (0.1x
SSPE and 0.1% SDS at 65◦C), the membrane was exposed to
photographic ﬁlm to detect the hybridization of the probe.
AFLPprotocols
The original AFLP protocol [9, 12] was modiﬁed to in-
vestigate the selective nature of the ampliﬁcation in the ﬁrst
PCR of the protocol. In one modiﬁcation, the ﬁrst PCR was
the same as the standard protocol with both oligonucleotide
primers having one additional 3  nucleotide (A or T) [9].
However, in the second PCR, while both primers had three
additional 3  nucleotides, the ﬁrst one did not correspond to
the additional nucleotide used in the ﬁrst PCR. In another
modiﬁcation, three additional 3  nucleotides (instead of one)
were used on the primers in the ﬁrst PCR, and then the same
three or three diﬀerent additional 3  nucleotides were used
on the primers in the second PCR.
To further investigate the selective nature of the ampliﬁ-
cationintheﬁrstPCRoftheAFLPprotocol,theextentofho-
mology between ﬁrst PCR products ampliﬁed with diﬀerent
combinationsofadditional3  nucleotidesontheprimerswas
assessed by Southern hybridization analysis. For these exper-
iments, the EcoRI oligonucleotide primer E36, with three ad-
ditional3  nucleotides(5 -GACTGCGTACCAATTCACC-3 ),
wasusedinaﬁrstPCRtogetherwitharangeofMseIprimers,
each with a diﬀerent combination of three additional 3  nu-
cleotides. The ampliﬁed products were separated on a 2%
agarose gel and then blotted onto a nylon membrane. The
membrane was then hybridized to a probe derived from the
ﬁrst PCR products ampliﬁed using the E36 primer with one
of the MseI primers. To determine if the ﬁrst PCR products
represented highly repetitive genomic DNA, 500 or 1000ng
of MseI-digested genomic DNA was also included on the gel
and blotted onto the membrane. To label the probe, eight
standard 20µL AFLP ﬁrst PCRs were prepared, except that
2.5µCi α-labelled 33P-dATP was included in each PCR. The
eight PCRs were combined as the probe and hybridized onto
the membrane. Hybridization of the probe to the mem-
brane was performed as described by [20]. To detect the size
marker, dephosphorylated ØX174 digested with Hinf1, was
kinased with 33P[ 20] and included with the AFLP probe
in the hybridization. Following washes at high stringency
(0.1x SSPE and 0.1% SDS at 65◦C), the membrane was ex-
posed to photographic ﬁlm to detect hybridization of the
probe.
RESULTS
Highly reproducible RAF proﬁles were generated from
replicate DNA extractions for all plant species tested, includ-
ing tomato, wheat, sugarcane, macadamia, and Arabidopsis.
T h es i z eo fR A Fm a r k e r sd e t e c t e dr a n g e df r o m4 0t oa b o u t
1,000base pair (bp). Examples of the results are shown in
Figure 1 for sugarcane, tomato, soybean, and wheat. Reli-
able and reproducible RAF proﬁles were also generated for
a wide range of DNA template concentrations. For exam-
ple in sugarcane, identical RAF proﬁles were generated for
genomic DNA template concentrations ranging from 10 to
500ng (Figure 1a). The standard RAF protocol was used for
all plant species, except for wheat. The wheat genome is at
least four times larger than the other genomes analyzed [19],
and in this case, optimal RAF proﬁles were obtained by rais-
ing the annealing temperatures by 2◦C( Figure 1c).
Highly reproducible RAF proﬁles were also ampliﬁed
from alkali-treated leaf tissue for both species tested, namely
tomato and sugarcane, and the proﬁles were almost identi-
cal to those ampliﬁed from genomic template from the same
genotype (Figure 2). Thus, DNA puriﬁcation is not required
to generate reproducible RAF proﬁles.
In contrast to the DAF protocol which detected about
40 markers per PCR, each RAF PCR detected between 70
and 100 DNA markers. As reported for all of the other
arbitrarily-primed DNA markers [3, 4, 5, 6, 7, 8, 9], dom-
inant Mendelian inheritance of the RAF markers was gen-
erally observed in mapping populations of several plant
speciesincludingsoybean,sugarcane,wheat,andmacadamia
(data not shown). However, about 1% of RAF markers
in macadamia were shown to display a stuttering pheno-
type typical of simple sequence repeat (SSR) markers with
codominantinheritanceinamappingpopulation(Figure 3).
The cloning and sequencing of several stuttered RAF mark-
ersconﬁrmedthattheycontainedsimplesequencerepeats(J.
Neal, written communication, September 2001). RAF mark-
ers with stuttered phenotypes were also observed for other
species at about the same frequency (at least one marker for
every two primers) (see Figure 1).144 Julie Waldron et al 2:3 (2002)
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Figure 1. RAF proﬁles ampliﬁed from sugarcane (a), tomato and soybean (b), and wheat (c). Radio-labelled proﬁles ampliﬁed from replicate ((a) and (b))
or triplicate (c) genomic DNA extractions were run side-by-side on the gel and given the same lane number. The Operon oligonucleotide primers used are
also listed above the lanes. (a) RAF proﬁles ampliﬁed from diﬀerent amounts of genomic DNA extracted from sugarcane hybrid 79A362. Lanes 1, 12.5ng;
lanes 2, 25ng; lanes 3, 50ng; lanes 4, 100ng; lanes 5, 250ng; and lanes 6, 500ng. (b) RAF proﬁles ampliﬁed from tomato cv. Moneymaker (lanes 1), Glycine
soja (lanes 2), soybean (G. max) cv. Bragg (lanes 3). (c) RAF proﬁles ampliﬁed from wheat cv. Hartog; lanes 1–5 represent individual Hartog plants.
As with radio-labelled RAF proﬁles, highly reproducible
ﬂuorescent RAF proﬁles were detected from replicate DNA
extractions. An example of replicate ﬂuorescent RAF proﬁles
generated with FAM-labelled oligonucleotide primer K-06
(5 -CACCTTTCCC-3 ) for sugarcane hybrid Q117 is shown
in Figure 4. RAF proﬁles were also produced by incorpo-
ration of R110 ﬂuorescently labelled dCTP (Perkin Elmer,
Melbourne, Vic, Australia, cat. no. 402175) into amplicons
(data not shown). While these proﬁles were highly repro-
ducibleonreplicateDNAextractions,sharperﬂorescentpro-
ﬁles were obtained by incorporating the ﬂorescent tag into
the oligonucleotide primer.
The nature of selectivity of RAF fragment ampliﬁca-
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Figure 2. RAF proﬁles ampliﬁed from genomic DNA and alkali-treated leaf
tissue. Lanes 1 show the proﬁles from replicate DNA extractions from a sug-
arcane seedling, and lanes 2 show the proﬁles from replicate alkali-treated
leaf tissue samples from the same seedling. Similarly, lanes 3 show the pro-
ﬁles from genomic DNA extractions of a tomato plant, and lanes 4 show
the proﬁles from alkali-treated leaf tissue samples from the same plant. The
Operon oligonucleotide primers used are listed above the lanes.
primers, that varied in one of the last three 3  nucleotides.
Varying the last nucleotide of the primer resulted in new and
distinct RAF proﬁles (Figure 5a) that were non-homologous
based on the Southern hybridization assay (Figure 5b). Sim-
ilarly, varying the second or third last nucleotide resulted
in new, distinct, nonhomologous RAF proﬁles (data not
shown). Radio-labelled RAF fragments did not strongly hy-
bridize to MseI-digested DNA, thereby indicating that RAF
fragments do not represent highly repetitive DNA in the
genome (data not shown).
In contrast to the RAF protocol, we demonstrated that
in the ﬁrst PCR of the AFLP protocol, DNA ampliﬁcation
is not dependent on the terminal 3  nucleotide(s) added to
the AFLP primers. This conclusion was supported by results
fromtwodiﬀerentexperiments.Firstly,PCRproductsampli-
ﬁed with EcoRI AFLP primers that varied from each other in
the last three 3  nucleotides were shown to cross-hybridize
in a Southern assay (Figure 6). Secondly, the employment
of nonmatching combinations of additional 3  nucleotides
on EcoRI primers in the ﬁrst and subsequent second PCR
had little impact on the AFLP proﬁle obtained in the second
12 p
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200
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Figure 3. Close-up of autoradiograph of an RAF simple sequence repeat
locus in macadamia. The ﬁrst two lanes contain ampliﬁcation products
(Operon primer A-06) of two macadamia cultivars, and their F1 progeny
(p) are represented in the rest of the lanes. The four alleles segregating in
the cross are circled and numbered. Elsewhere, on the autoradiograph, can
be seen some nonstuttering, nonpolymorphic RAF markers. Approximate
fragments sizes (in bp) are indicated on the left by arrows.
radioactive PCR (Figure 7). Essentially, the great majority of
the AFLP markers that were detected after the second PCR
were determined by the terminal 3  nucleotides used in the
second PCR, regardless of the terminal 3  nucleotides used
in the ﬁrst PCR. The results were the same whether three
additional 3  nucleotides (Figure 7) or one additional 3  nu-
cleotide (data not shown) were incorporated into the AFLP
primers for the ﬁrst PCR.
The two main experimental applications for DNA
marker technologies involve either DNA proﬁling on indi-
vidual DNA samples or bulk segregant analysis to identify
DNA markers linked to a gene of interest [21]. For both ap-
plications, we estimate that RAF is less expensive to perform
than AFLP, particularly for ﬁngerprinting individual plants
(Table 1).
DISCUSSION
DNA marker technologies based on arbitrarily-primed
PCR are particularly important for less studied plant species
for which whole genome sequences are not available. The
RAF protocol described here represents a culmination of
DNA marker protocols based on arbitrarily-primed PCR.
Advantages of RAF over previous protocols include robust-
ness and reliability, no requirement for highly-puriﬁed DNA
template, relatively few steps required, the opportunity for
sensitive detection via radio-labeling or ﬂuorescent tagging,
more markers being simultaneously detected, and the abil-
ity to identify codominant loci. The RAF protocol has been
successfully and readily applied to all plant species we have
tested thus far.
While the RAF protocol most closely resembles DAF
[5, 6, 7, 8], it is much more eﬃcient, robust, and sensitive
because amplicons are labelled with either radioactive 33Po r
ﬂuorescence in a relatively short single PCR, and then sepa-
rated and detected on large polyacrylamide sequencing gels.
The key aspects of the protocol are146 Julie Waldron et al 2:3 (2002)
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Figure 4. Fluorescent detection of RAF proﬁles. The oligonucleotide primer K-06 (5 -CACCTTTCCC-3 ) was synthesized and tagged with FAM (6-carboxy-
ﬂuorescein),andthenusedintheRAFprotocolwithgenomicDNAfromsugarcanehybridQ117.AfterthePCR,theRAFproﬁleswereseparatedanddetected
on an Applied Biosystem 373A DNA sequencer. The two panels represent RAF proﬁles ampliﬁed from replicate DNA extractions. The size of RAF markers
(in bp) is shown on the X axis, and the relative intensity of the signals is shown on the Y axis. Larger RAF fragments were also ampliﬁed but these are not
shown.
(a) (c)
(b)
AC GT
AC GT
ACGT
Figure 5. Selective ampliﬁcation of RAF markers is dependent on the 3  nucleotide of the oligonucleotide primer. (a) Radio-labelled RAF proﬁles
for sugarcane hybrid 79A362 using oligonucleotide primers K-02 (5 -GTCTCCGCAA-3 ) (lanes A), K-02a (5 -GTCTCCGCAC-3 ) (lanes C), K-02b (5 -
GTCTCCGCAG-3 ) (lanes G), and K-02c (5 -GTCTCCGCAT-3 ) (lanes T). These primers only varied in the ﬁnal 3  nucleotide. The proﬁles were ampliﬁed
from replicate DNA extractions of sugarcane 79A362. (b) Identical reactions, also in replicate, were produced without radio-labelling, separated on a 2%
agarose gel, ethidium-bromide stained, and photographed. (c) The unlabelled RAF fragments were then blotted from the agarose gel onto a nylon membrane
and probed with radio-labelled RAF products ampliﬁed with K-02 (lanes A in panel (a)).
(i) inclusion of high concentrations of a single oligonu-
cleotide primer (10 nucleotides long), high annealing
temperatures (53–59◦C), and DNA polymerase Stoﬀel
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Figure 6. Evidence for homology between ﬁrst PCR AFLP products ampliﬁed with diﬀerent oligonucleotide primers. PCR was performed on replicate DNA
templates of sugarcane hybrid 79A362 ((a) and (b)) and the nod49 mutant soybean cv. Bragg ((c) and (d)). The EcoRI oligonucleotide primer E36 with three
additional 3  nucleotides (5 -GACTGCGTACCAATTCACC-3 ) was used in the ﬁrst PCR with a range of MseI primers, each with a diﬀerent combination of
three additional 3  nucleotides. The three additional 3  nucleotides on the MseI primers were as follows: lanes 1, ACA; lanes 2, ACC; lanes 3, ACG; lanes 4,
ACT; lanes 6, AAA, lanes 7, AGA; lanes 8, ATA; lanes 9, CCA; lanes 10, GCA; and lanes 11, TCA. Lane 5 contained 500ng of genomic DNA digested with
MseI. The reactions were separated on 2% agarose gels ((a) and (c)) and blotted onto nylon membranes. A radioactive probe corresponding to the PCR in
lanes 1 ((a) and (c)) was prepared (see Experimental procedures) and hybridized to the membrane. After stringent washing, hybridization to the probe was
detected by autoradiography ((b) and (d)).
(ii) radioactive- or ﬂuorescent-labeling of amplicons in a
30-cycle PCR; and
(iii) separation and detection of amplicons on large poly-
acrylamide sequencing gels or DNA sequencing ma-
chines.
The second two points listed above distinguish RAF from
DAF, the latter of which involves more PCR cycles (35–
45) and detection of markers on small, silver nitrate-stained
polyacrylamide gels [5, 6, 7, 8]. While these may appear to
be small modiﬁcations to the DAF protocol, they doubled
the number of DNA markers detected per PCR. In addition,
themodiﬁcationsenablethedetectionofsimplesequencere-
peat markers at a low but signiﬁcant frequency (Figure 3).
This capacity of the RAF technology to detect such codomi-
nant markers is particularly important for less studied plant
species like macadamia.
The RAF protocol compares favorably with AFLP in eﬃ-
ciency and reliability on many plant genomes, including the
very large and complex genomes of sugarcane and wheat.
While the two technologies detect about the same numbers
of markers per large polyacrylamide gel, major advantages
of RAF over AFLP include (i) no requirement for enzymatic
template preparation, (ii) one instead of two PCRs, and (iii)
overall costs.
TheselectivebasisofampliﬁcationofDNAmarkersfrom
g e n o m e si sd i ﬀerent for RAF and AFLP. Varying any of the
last three nucleotides on the RAF primer resulted in the am-
pliﬁcation of a nonhomologous set of RAF markers, con-
ﬁrming that ampliﬁcation of a speciﬁc RAF proﬁle is de-
pendent on the 3  nucleotide sequence of the primer. In
contrast, we showed that varying any of the last three nu-
cleotides on AFLP primers in the ﬁrst PCR had almost no ef-
fect on the AFLP proﬁle subsequently detected after the sec-
ondPCR(Figure 7).Southernanalysisalsoshowedthatcross
hybridization, occurred between ﬁrst PCR AFLP products,
ampliﬁed by primers with varying 3  nucleotides (Figure 6).
Our data therefore indicate that the same homologous sub-
set of the genome is ampliﬁed in the ﬁrst PCR of EcoRI/MseI
AFLP, regardless of the sequence of the last one to three 3 
nucleotides used in the primer.
While our results using AFLP reactions as probes on
MseI-digested genomic DNA indicate that AFLP markers do
not represent highly repetitive genomic DNA, it has been
demonstrated that these markers represent moderately re-
peated sequences in Asparagus oﬃcinalis [22]. The Asparagus
work based on ﬂourescent in-situ hybridization (FISH) anal-
ysis with cloned AFLP probes, showed that repetitive signals
in the form of clusters were observed on all chromosomes
[22]. Not surprisingly, therefore, clustering of AFLP markers148 Julie Waldron et al 2:3 (2002)
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Figure 7. AFLP ampliﬁcation is dependent on the terminal 3  nucleotide sequence of the AFLP primer in the second, but not in the ﬁrst PCR. The EcoRI
oligonucleotide primer E36 with three additional 3  nucleotides (5 -GACTGCGTACCAATTCACC-3 ) was used with a range of MseI primers, each with a
diﬀerent combination of three additional 3  nucleotides. For all lanes marked A, the same MseI oligonucleotide primer was used in the ﬁrst and second PCR.
For all lanes marked B, one speciﬁc MseIp r i m e r ,M 3 1 ,w a su s e di nt h eﬁ r s tP C R ,a n dt h e na n o t h e rMseIp r i m e rw a su s e di nt h es e c o n dP C R .T h ea d d i t i o n a l
3  nucleotides on M31 were 5 -AAA-3 , and the additional 3  nucleotides on the primer used in the second PCR to generate the AFLP proﬁle are listed above
the lanes (5  to 3 ). The AFLP proﬁles were generated for (a) sugarcane hybrid 79A362 and (b) soybean cv. Bragg.
on genetic maps has been frequently reported (eg, [23, 24]),
much more so with EcoRI-MseI than with PstI-MseIA F L P
[25, 26].
At this stage, it is not known whether RAF markers also
represent moderately repeated sequences, but we have ob-
served some clustering of RAF markers on a macadamia
genetic map [17]. Strong clustering of DNA markers can
serendipitously facilitate or impede the identiﬁcation of
markers linked to a gene of interest. For example, we have
used bulk segregant analysis [21] in attempts to identify
EcoRI-MseI AFLP markers linked to four nodulation loci in
soybean, namely nts-1, nod49, nod139-1,a n dnod139-2 [27].2:3 (2002) RAF: Randomly Ampliﬁed DNA Fingerprinting 149
Table 1. Comparative costs of template preparation and PCR in RAF and AFLP. The two research applications given are the equivalent of (i) proﬁling 2,000
DNA markers on 48 individual DNA samples, and (ii) using bulk segregant analysis to map 20,000 DNA markers for linkage to a gene of interest (four
DNA samples; two parents and two bulks). Estimated costs are in Australian dollars ($A). Labour costs were estimated at $20 per hour. Electrophoresis and
detection costs are the same for both protocols, and these costs were not included.
Research application DNA marker
technology
Material costs per 20gels ($A) Labour costs per 20gels ($A) Combined
costs ($A) Template preparation PCR Template preparation PCR
(i) DNA proﬁling on individuals RAF 0 340 0 200 540
AFLP 270 420 110 200 1000
(ii) Bulk segregant analysis RAF 0 340 0 200 540
AFLP 22 420 10 200 652
Eleven out of 2,600 AFLP markers mapped to within about
5 centimorgan of the nts-1 locus, whereas zero out of 1,300
AFLPmarkerswerecloselylinkedtotheotherthreeloci[27].
In view of the potential clustering of both AFLP and RAF
markers, and the diﬀerent basis of ampliﬁcation from the
genome, it may be beneﬁcial to use both technologies simul-
taneouslytomaximizethechancesofidentifyingDNAmark-
ers linked to genes of interest. Such an approach is feasible as
both technologies use similar laboratory equipment.
In conclusion, the RAF protocol was demonstrated to
be an extremely eﬃcient DNA marker technology, particu-
larly for applications to less-studied plant genomes. More re-
cently, we have been using the RAF technology to (i) identify
DNA markers linked to disease resistance genes in tomato
and sugarcane, (ii) assess genetic relatedness of genotypes
withinseveralplantspecies(sugarcane,soybean,macadamia,
Cassia, and mangosteen), (iii) construct the ﬁrst genetic map
for macadamia, and (iv) demonstrate the loss of DNA in
genetically-engineered sugarcane. These investigations using
the RAF protocol will be reported in detail elsewhere. While
RAF has distinct advantages over AFLP particularly for ﬁn-
gerprinting individual plants, both technologies could be
used in a complementary fashion for some genetic studies.
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